Proliferating cell nuclear antigen (PCNA) is post-translationally modified in yeast and animal cells. Major studies carried out in the last decade have focused on the role of sumoylated and ubiquitinated PCNA. Using different approaches, an interaction between plant PCNA and SUMO both in vivo and in bacteria has been demonstrated for the first time. In addition, identical sumoylation patterns for both AtPCNA1 and 2 were observed in bacteria. The plant PCNA sumoylation pattern has been shown to differ significantly from that of Saccharomyces cerevisiae. This result contrasts with a common opinion based on previous structural analysis of yeast, human, and plant PCNAs, which treats PCNA as a highly conserved protein even between species. Analyses of AtPCNA post-translational modifications using different SUMO proteins (SUMO1, 2, 3, and 5) revealed similar modification patterns for each tested SUMO protein. Potential target lysine residues that might be sumoylated in vivo were identified on the basis of in bacteria AtPCNA mutational analyses. Taken together, these results clearly show that plant PCNA is posttranslationally modified in bacteria and may be sumoylated in a plant cell at various sites. These data open up important new perspectives for further detailed studies on the role of PCNA sumoylation in plant cells.
Introduction
Proliferating cell nuclear antigen (PCNA) is a protein first discovered in eukaryotic cells as an autoantigen in patients suffering from an immunological disorder called systemic lupus erythrematosus (Miyachi et al., 1978) . Later, it was also found in archaeal cells (Cann et al., 1999) . The first basic function attributed to PCNA was connected with the DNA replication process where it was proposed to serve as an accessory factor of DNA polymerase d, required for the synthesis of a new DNA strand (Tan et al., 1986; Bravo et al., 1987; Prelich et al., 1987) . There have been structural studies of yeast (Krishna et al., 1994) , human (Gulbis et al., 1996) , archaeal (Matsumiya et al., 2001) , and, recently, Arabidopsis (Strzalka et al., 2009) PCNAs. These studies provided important data towards a better understanding of the link between the three-dimensional structure of PCNA and its roles in DNA metabolism. Eukaryotic and archaeal PCNAs form trimeric, ring-shaped structures encircling the helical DNA. In a generally accepted model, PCNA with its pseudo-6-fold symmetry is seen as sliding along doublestranded DNA (Krishna et al., 1994; Gulbis et al., 1996;  Abbreviations: PCNA, proliferating cell nuclear antigen; SUMO, small ubiquitin-like modifier. ª The Author [2012] . Published by Oxford University Press [on behalf of the Society for Experimental Biology]. All rights reserved. For Permissions, please e-mail: journals.permissions@oup.com Matsumiya et al., 2001; Strzalka et al., 2009) . PCNA, also called a sliding clamp, can serve as a docking site for other proteins involved in DNA metabolism. Further studies on PCNA revealed its crucial role not only in DNA replication but also in DNA repair, cell cycle control, and other processes (Strzalka and Ziemienowicz, 2011) . Studies of yeast and animal PCNAs resulted in the identification and characterization of >50 PCNA-interacting proteins (Vivona and Kelman, 2003) . Although the evolutionary process has a great impact on the plant, animal, fungal, and archaeal DNA code, PCNA is an example of a protein strongly protected against evolution. This is reflected in the highly conserved three-dimensional structure of the PCNA protein from different organisms. Moreover, the most basic mechanism, DNA replication, seems to be highly conserved among them. The best example supporting this opinion was the identification of PCNA genes in different species, such as yeast-budding yeast (Bauer and Burgers, 1990 ) and fission yeast (Waseem et al., 1992) ; animals-human (Almendral et al., 1987) , rat (Matsumoto et al., 1987) , mouse (Yamaguchi et al., 1991) , and Drosophila (Yamaguchi et al., 1990) ; plants-carrot (Hata et al., 1992) , maize (Lopez et al., 1995 (Lopez et al., , 1997 , rice (Suzuka et al., 1991) , common bean (Strzalka and Ziemienowicz, 2007) , and runner bean (Strzalka et al., 2010) ; as well as the archaeobacterium Pyrococcus furiosus (Cann et al., 1999) .
Additional experimental evidence supporting the strong evolutionary conservation of PCNA protein was obtained when yeast and Drosophila PCNAs were shown to substitute functionally for mammalian PCNA in DNA replication assays (Bauer and Burgers, 1988; Ng et al., 1990) . Moreover, recombinant rice and runner bean PCNA were shown to stimulate the enzymatic activity of human DNA polymerase d (Matsumoto et al., 1994; Strzalka et al., 2010) . Studies on mammalian PCNA showed that it could stimulate the activity and processivity of two wheat d-like polymerases (Laquel et al., 1993) . Other important results highlighting the strong conservation of PCNA described the formation of a stable complex between human p21/WAF-1 and PCNA purified from pea, Arabidopsis, and runner bean (Ball and Lane, 1996; Strzalka et al., 2009 Strzalka et al., , 2010 .
Recently, numerous studies have focused on PCNA post-translational modification and its implication for DNA replication and repair. In general, PCNA can form cytosolic-, nuclear-, and chromatin-associated fractions. However, this simple picture of PCNA populations seems to be complicated by the presence of weakly and strongly chromatin-associated PCNA fractions and other different populations of PCNA associated with its post-translational modifications including acetylation, methylation, phosphorylation, sumoylation, and ubiquitination (Stoimenov and Helleday, 2009 ).
The small ubiquitin-like modifier (SUMO) is one of those peculiar eukaryotic regulatory molecules that can be covalently attached, in a reversible manner, to a target protein and thereby modify its functions. Since the discovery of SUMO, a wealth of new data has been published concerning the functional role of sumoylation. SUMO is known to alter protein-protein interactions that may result in a change in substrate stability, activity, and localization (Gill, 2004) . In plants, SUMO has been shown to be involved in stress responses, pathogen defence, abscisic acid signalling, and flower induction (Novatchkova et al., 2004) . The genome sequencing project for Arabidopsis thaliana revealed the presence of eight AtSUMO genes and one pseudogene. For Arabidopsis AtSUMO1, 2, 3, and 5 genes expressed sequence tags (ESTs) were found, which provide evidence for the in vivo expression of these genes. In contrast, although AtSUMO4, 6, 7, and 8 genes are believed to be potentially active, their ESTs have not been identified to date. AtSUMO9 is a non-functional pseudogene (Novatchkova et al., 2004) . Although there are eight AtSUMO genes in the Arabidopsis genome, only one functional gene encoding a SUMO-conjugating enzyme was found (AtSCE1a, E2) (Novatchkova et al., 2004) . For biological activity, the SUMO protein must be post-translationally processed by a SUMO-specific protease which removes the C-terminal tail and creates a mature SUMO with a glycine-glycine (GG) motif at the C-terminus (Novatchkova et al., 2004) . Next, mature SUMO is activated by a SUMO-activating enzyme (E1) (composed of two polypeptides AtSAE1 and AtSAE2 in Arabidopsis). The enzymatic steps of SUMO activation proceed via a covalent modification of the SUMO C-terminus (Novatchkova et al., 2004) . After activation, a SUMO thioester is transferred from E1 to E2. Next, the conjugated SUMO may be transferred to the e-amino group of the lysine residue of the target protein either directly or indirectly. The indirect transfer requires the additional formation of an AtSUMO-AtSCE1a substrate and of an E3 SUMO ligase ternary complex (Novatchkova et al., 2004) . The analysis of animal and fungal sumoylated proteins led to the identification of the sumoylation consensus sequence (wKXE/D), where W represents a hydrophobic aliphatic residue, X any residue, and K, E, and D stand for the standard one-letter symbols of amino acids. However, examples of lysine residues are known which are not positioned at the canonical consensus (Hoege et al., 2002; Pfander et al., 2005; Pichler et al., 2005) . Studies on yeast (Hoege et al., 2002) , Xenopus (Leach and Michael, 2005) , and chicken (Arakawa et al., 2006) cells showed that PCNA can be post-translationally sumoylated. PCNA sumoylation was demonstrated to occur in the S phase of the cell cycle (Hoege et al., 2002; Leach and Michael, 2005) . Sumoylation of yeast PCNA occurs predominantly at Lys164 but also, to a lesser extent, at Lys127 located within an interdomain-connecting loop (Hoege et al., 2002) . Xenopus and chicken PCNA have so far been shown to be sumoylated at Lys164 only (Leach and Michael, 2005; Arakawa et al., 2006) . Moreover, the sumoylated yeast PCNA was shown to recruit Srs2, a helicase that blocks recombinational repair by disrupting Rad51 nucleoprotein filaments (Papouli et al., 2005; Pfander et al., 2005) .
The first crystal structure of sumoylated yeast PCNA was published in 2011 (Freudenthal et al., 2011) . Despite extensive studies on sumoylated and ubiquitinated yeast PCNA, no post-translational modification of plant PCNA has been reported and characterized to date. In this study, it is demonstrated for the first time that plant PCNA interacts with SUMO in vivo. Using an in bacteria reconstituted plant sumoylation system the sumoylation of Arabidopsis PCNA is characterized in detail and a function for sumoylated PCNA is proposed.
Materials and methods

Plasmids
The construction of plasmids with open reading frames (ORFs) coding for E1 (pACYCDuet-1-His-tag-AtSAE2/AtSAE1b-S-tag) and E2 [pCDFDuet-1-His-tag-AtSUMO either with the C-terminal GG native motif or mutated to alanine-alanine (AA)/AtSCE1a-Stag] has been described previously by Okada et al. (2009; Supplementary Fig. S1 available at JXB online). The pQE70-AtSCE1a-His-tag vector was purchased from Professor Stuible, and its construction has been described by Colby et al. (2006;  Supplementary Fig. S1 ). Also the construction of His-tag-depleted pET29a-c-myc-AtPCNA1 ( Supplementary Fig. S1 ) has been previously described (Strzalka et al., 2009) . The vector coding for E3 ligase (AtSiz1) (pMAL-C2X-MBP-tag-AtSiz1; Supplementary  Fig. S1 ) was purchased from Professor Nam-Hai Chua. pET28a-His-tag-c-myc-AtPCNA1, AtPCNA2, and ScPCNA were constructed as described below.
AtPCNA1 (AT1G07370), AtPCNA2 (AT2G29570), and ScPCNA (YBR088C) wild-type ORFs containing an N-terminal c-myc tag were amplified using specific primers: AtPCNA1F (5#-GGAATTCCATATGGAACAGAAACTGATCTCTGAAGAAG ATCTGATGTTGGAGCACGTCTTGTTC-3#) and AtPCNA1R (5#-CGGGATCCTTAGGGATTAGTGTCTTCTTCTTC-3#); AtPC-NA2F (5#-GGAATTCCATATGGAACAGAAACTGATCTCTGA-AGAAGATCTGATGTTGGAGCTTCGTTTAG-3#) and AtPCN A2R (5#-CGGGATCCTTATTCTGGTTTGGTGTCTTC-3#); and ScPCNAF (5#-GGAATTCCATATGGAACAGAAACTGAT CTCTGAAGAAGATCTGATGGAACAAAAATTAATTTCTG-3#) and ScPCNAR (5#-CCGCTCGAGTTTATTCTTCGTCAT-TAAATTTAGGAGC-3#), respectively. The PCRs were carried out in a 100 ll volume, containing 13 PCR buffer [20 mM TRISHCl, 2 mM MgSO 4 , 10 mM KCl, 10 mM (NH 4 ) 2 SO 4 , 0.1% (v/v) Triton X-100, bovine serum albumin (BSA) 0.1 mg ml À1 , pH 8.8], 0.2 mM dNTPs, 2.5 U of Pfu DNA polymerase (Fermentas), 2 lM of each primer, and 1 ng of template plasmids described previously (Colby et al., 2006; Strzalka et al., 2009) . The preliminary denaturation step was performed at 94°C for 5 min. Subsequently, 30 cycles of amplification were performed, with denaturation at 94°C for 30 s, annealing at 50°C for 30 s, DNA synthesis at 72°C for 2 min, followed by incubation at 72°C for 5 min in a thermocycler (Eppendorf). The resulting PCR products were purified, digested with either BamHI and NdeI or BamHI and XhoI restriction enzymes (Fermentas) for AtPCNAs and ScPCNA, respectively, ligated into the pET28a expression vector carrying an N-terminal His-tag using T4 DNA ligase (Fermentas), and sequenced. Mutagenized AtPCNA1 variants (AtPCNA1K254R, AtPCNA1K1-16/R, and their single lysine reverted mutants) were synthesized by GeneScript USA Inc. The agrobacterial binary expression vector carrying AtPCNA1 and 2 ORFs fused both with the C-terminal fragment of green fluorescent protein (GFP; AtPCNA1_CtermGFP and AtPCNA2_CtermGFP) and with full-length GFP (AtPC-NA1_GFP and AtPCNA2_GFP), AtSUMO3 fused with the N-terminal fragment of GFP [NtermGFP_AtSUMO3(GG/AA)] and full-length GFP [GFP_AtSUMO3(GG/AA)] were prepared using Gateway technology (Invitrogen). AtPCNA1, AtPCNA2 and AtSUMO3 ORFs were amplified as described previously using a set of specific primers AtPCNA1GWF (5#-GGGGACAAGTTTGTA-CAAAAAAGCAGGCTCCATGTTGGAGCTACGTCTTGTC-3#) and AtPCNA1GWR (5#-GGGGACCACTTTGTACAA-GAAAGCTGGGTCGGGATTAGTGTCTTCTTCTTC-3#); AtPC-NA2GWF (5#-GGGGACAAGTTTGTACAAAAAAGCAGGC TCCATGTTGGAGCTTCGTTTAGTTC-3#) and AtPCNA2GWR (5#-GGGGACCACTTTGTACAAGAAAGCTGGGTCTTCTGGT TTGG TGTCTTCTTCTTC-3#); and AtSUMO3GWF (5#-GGGGA-CAAGTTTGTACAAAAAAGCAGGCTCCATGTCTAACCCTCA AGATGAC-3#) and AtSUMO3GWRGG (5#-GGGGACCAC TTTGTACAAGAAAGCTGGGTCTTAACCACCACTCATCGC CCGGCAC-3#) or AtSUMO3GWRAA (5#-GGGGACCACTTT GTACAAGAAAGCTG GTCTTAAGCAGCACTCATCGCCCG GCAC-3#). Next, the purified PCR products were introduced into a pDONR221 vector using a BP reaction followed by sequencing. AtPCNA1 and 2 were transferred into an expression cassette of agrobacterial binary vector pK7m34GW and AtSUMO3 into pH7m24GW2 using the multisite gateway LR reaction. This resulted in the construction of AtPCNA1_CtermGFP, AtPCNA2_CtermGFP, and NtermGFP_AtSUMO3 fusions. To prepare fusions with full-length GFP, AtPCNA1 and 2 were transferred into pK7FWG2 and AtSUMO3(GG/AA) into pK7WGF2 vectors.
Bimolecular fluorescence complementation (BiFC) analysis
Wild-type Nicotiana benthamiana was grown in commercial soil under long-day conditions (16 h light/8 h dark cycles) at 23°C. For BiFC screening, all binary plasmids [carrying AtPCNA1_GFP, AtPCNA1_CtermGFP, AtPCNA2_GFP, AtPCNA2_CtermGFP, GFP_AtSUMO3(GG/AA), and NtermGFP_AtSUMO3(GG/AA)] were transferred into Agrobacterium tumefaciens strain C58 using a freeze-thaw method. The Agrobacterium strains obtained were used to infiltrate tobacco leaves for transient expression according to the protocol described by Yang et al. (2000) with slight modifications. The transformed Agrobacterium strains were grown for 2 d at 28°C in YEB medium supplemented with appropriate antibiotics (gentamicin 20 mg l
À1
, spectinomycin 100 mg l
, and rifampicin 100 mg l À1 ). After incubation, Agrobacterium cells were harvested by centrifugation and resuspended in agro-infiltration buffer (10 mM MES, 10 mM MgCl 2 , 100 lM acetosyringone, pH 5.6). The final OD 600 of the culture was adjusted to 0.5 using the agro-infiltration buffer. For co-expression studies, 500 ll of each bacterial culture (with OD 600 adjusted to 0.5) were mixed and incubated at room temperature for 2-5 h. The final inoculum was infiltrated into the lower epidermis of tobacco leaves. The infiltrated area was assayed 3-5 d after infiltration using a Zeiss LSM 510 META laser scanning microscope. At least three infiltrated leaves were analysed per combination.
In bacteria reconstitution of the PCNA sumoylation system Escherichia coli BL21(DE3) cells were transformed with plasmids pACYCDUET-1 encoding AtE1 (AtSAE1b and AtSAE2), followed by pCDFDUET-1 encoding AtE2 (AtSCE1a) and AtSUMO1, 2, 3, or 5 (GG or AA variant). Either pMAL-C2X encoding AtE3 ligase (AtSiz1) followed by pET28a-cmyc-AtPCNA1, or directly pET28a-His-tag-c-myc-AtPCNA1, AtPCNA2, and ScPCNA were introduced into the prepared competent cells carrying AtE1, AtE2, and AtSUMO ORFs. The expression of all proteins was tested by western blotting (data not shown). The transformed cells were grown at 37°C in LB medium containing chloramphenicol (25 mg l À1 ), kanamycin (50 mg l À1 ), and spectinomycin (100 mg l À1 ), and, in the presence of a plasmid with AtSiz1, the medium was supplemented with ampicillin (100 mg l
). When the culture reached an OD 595 of 0.6, the temperature was decreased to 20°C and protein overexpression was induced using 0.2 mM isopropyl-b-D-thiogalactopyranoside (IPTG). After 20 h of induction, cells were harvested by centrifugation (5000 g for 15 min at 4°C), re-suspended in 1 ml of the protein extraction buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, and 10 mM imidazole, pH 8.0) containing protease inhibitor cocktail for poly(histidine)-tagged proteins (Sigma), and sonicated Arabidopsis PCNA sumoylation | 2973 (5 min, 5 s pulses, 10 s intervals, 4°C). All subsequent isolation steps were performed at 4°C. The sonicated cells were centrifuged at 35 000 g for 20 min. After centrifugation, the cell lysate was mixed with 20 ll of Ni-NTA agarose (Qiagen) equilibrated previously with the extraction buffer and the mixture was incubated for 1 h with constant rotation. After incubation, the unbound proteins were removed by a wash with an extraction buffer containing 20 mM imidazole (1 ml, three times for 5 min). The bound proteins were eluted with 20 ll of an extraction buffer containing 250 mM imidazole and then mixed with an SDS-PAGE loading buffer, denatured at 100°C for 5 min, and kept at -20°C until use.
Western blotting analysis of PCNA post-translational modification A 40 ll aliquot of sumoylated AtPCNA1 (c-myc-AtPCNA1-HisAtSUMO3) purified from E. coli cells on nickel and p21-peptide columns for liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis, and 10 ll of a His-c-myc-At/ScPCNA sample isolated from E. coli cells overexpressing the plant enzymes (AtE1, AtE2, and AtSUMO) were separated by 12% (v/v) SDS-PAGE and electrotransferred onto a PVDF membrane (0.2 lm) (Millipore), as described previously (Towbin et al., 1979) . All subsequent steps were performed at room temperature. After the transfer, the membrane was washed three times for 5 min in 13 phosphate-buffered saline (PBS) supplemented with 0.5% Tween-20 (v/v) (PBS-T) and blocked with PBS-T containing 5% (w/v) fatfree milk (PBS-TB) for 30 min. The membrane was incubated for 2 h with a monoclonal anti-c-myc antibody (Sigma, dilution 1:20 000). After washing in PBS-TB, the membrane was incubated for 1 h with a goat anti-mouse IgG-horseradish peroxidase conjugate (Pierce, dilution 1:20 000). After several washes in PBS-T, chemiluminescent detection was performed using a Super Signal West Pico Chemiluminescent substrate (Pierce) with the help of a Multi Spectral Imaging System (UVP).
Purification of c-myc-AtPCNA1-His-AtSUMO3 conjugate Proteins encoded by plasmids carrying AtE1 (AtSAE1b and AtSAE2), AtE2 (AtSCE1a), AtSUMO3, and His-tag-depleted AtPCNA1 were overexpressed in E. coli BL21(DE3) cell culture and purified on a 1 ml Ni-NTA column as described above. The eluted proteins were dialysed against 13 PBS with 0.1% (v/v) Triton X-100 and loaded onto a 100 ll p21-peptide column prepared by coupling biotinylated synthetic p21-peptide (139GRKRRQTSMTDFYHSKRRLIFS160, synthesized by the Protein Analysis service unit at FMI, Basel) to streptavidinagarose beads (Pierce) (Ball and Lane, 1996; Strzalka et al., 2010) equilibrated with 13 PBS buffer. The column was washed with 10 vols of PBS containing 0.75 M NaCl, followed by 5 vols of water. Strongly bound proteins were eluted at room temperature using 8 M urea.
Analysis of sumoylated peptides by LC-MS/MS
The protein sample AtPCNA1 conjugated with AtSUMO3 and purified subsequently on Ni-NTA and p21-peptide columns was separated by 12% (v/v) SDS-PAGE. The substrate proteins, with or without SUMO, were excised from the gel, reduced with 10 mM dithiothreitol (DTT), alkylated with 55 mM iodoacetamide, and digested with 10 mg l À1 modified trypsin (Promega) at 37°C for 16 h. After in-gel digestion, the peptides were extracted with 5% (v/v) formic acid and 50% (v/v) acetonitrile, dried under a vacuum, and dissolved in 2% (v/v) acetonitrile and 0.1% (v/v) formic acid. The digested peptides were fractionated by C18 reverse-phase chromatography (NanoFrontier nLC; Hitachi High-Technologies Corporation, Tokyo, Japan) coupled directly to a Linear Ion Trap-TOF Mass Spectrometer (NanoFrontier LD; Hitachi HighTechnologies Corporation, Tokyo, Japan) with a PicoTip EMIT-TER (NEW OBJECTIVE, USA). The ion trap was programmed to carry out three successive scans consisting of the following: first, a full-scan MS over the range 450-2000 m/z, and then datadependent scans of the two most abundant ions obtained in the first scan. Automatic MS/MS spectra were obtained from the highest peak in each scan by setting a relative collision energy of 35% and an exclusion time of 15 min for molecules in the same m/z value range. Molecular masses of the resulting peptides were checked against the non-redundant NCBI database using the MASCOT program with an additional mass corresponding to the conjugated SUMO peptide.
Purification of the AtPCNA1, AtPCNA2, and AtSCE1a proteins Escherichia coli BL21(DE3) cells were transformed using either pET28a-His-tag-c-myc-AtPCNA1, pET28a-His-tag-c-myc-AtPCNA2, or pQE70AtSCE1a-His-tag vector. The cells carrying the introduced construct were vigorously shaken at 37°C in LB medium containing either kanamycin (50 mg l À1 ) for AtPCNA1 and 2 or ampicillin (100 mg l À1 ) for AtSCE1a. The cells were grown until the culture reached an OD 595 of 0.6. Next, the temperature was decreased to 20°C and the overexpression of recombinant proteins was performed for 20 h using 0.2 mM IPTG, followed by centrifugation (5000 g for 15 min at 4°C). The centrifuged cells were resuspended in 50 ml of an extraction buffer (see above) containing a protease inhibitor cocktail for poly(histidine)-tagged proteins (Sigma), and sonicated (50 min, 5 s pulses, 10 s intervals). All subsequent procedures were performed at 4°C. The cells were centrifuged at 35 000 g for 30 min. After centrifugation, the cell lysate was loaded onto an Ni-NTA agarose (Qiagen) column equilibrated with extraction buffer, washed with extraction buffer containing 20 mM imidazole, and eluted with the extraction buffer containing 250 mM imidazole. The eluted protein was dialysed against a storage buffer [50 mM TRIS, 200 mM NaCl, 0.2 mM EDTA, and 10% glycerol (v/v), pH 8.0] then frozen in liquid nitrogen and stored at -80°C until use.
Surface plasmon resonance analysis
The experiments were performed using a BIACORE 3000 system (GE Healthcare) in a running buffer [10 mM HEPES, 150 mM NaCl, 10 mM MgCl 2 , and 0.005% surfactant (v/v), pH 7.5]. The AtSCE1a protein (0.1 lg in 50 ll) was immobilized onto a CM5 sensor chip (GE Healthcare) by using the standard amine-coupling method (the manufacturer's protocol). Different concentrations of purified AtPCNA protein solutions (60 ll) were injected at a flow rate of 30 ll min À1 at 25°C. The association and dissociation of AtPCNAs and the AtSCE1a proteins were indicated as shifts in resonance units during the injection and after the change to the running buffer. Dissociation and association rate constants (k diss and k ass ) were obtained with a simple Langmir model (1:1) with drifting baseline, using BIAevaluation 2.1 software (GE Healthcare), and K D values were calculated as the ratios of these values.
Results
In vivo interaction of Arabidopsis PCNA and SUMO Nicotiana benthamiana was chosen to study the in vivo interaction between Arabidopsis PCNA and SUMO using BiFC analysis. A mixture of A. tumefaciens carrying plasmids with an N-terminal GFP fragment fused to AtSUMO3 (NtermGFP_AtSUMO3) and AtPCNA fused to a C-terminal GFP fragment (AtPCNA1_CtermGFP or AtPCNA2_C-termGFP) was infiltrated into epidermal cells of N. benthamiana. Confocal microscopy analysis of transiently transformed leaves showed GFP fluorescence in the samples where AtPCNA_CtermGFP and NtermGFP_AtSUMO3 were overexpressed, and in samples expressing AtPCNA1, AtPCNA2, and AtSUMO3 fused with full-length GFP (Fig. 1) . No fluorescence signal was observed in the control samples (NtermGFP_AtSUMO3, AtPCNA1_CtermGFP, and AtPCNA2_CtermGFP). The result of this analysis confirmed that plant PCNA interacts with SUMO in vivo in both the cytoplasm and the nucleus.
In bacteria analysis of Arabidopsis PCNA sumoylation An Arabidopsis sumoylation system reconstituted in bacteria (a heterologous system, in vivo), as previously described (Okada et al., 2009) , was employed to test the post-translational modification of AtPCNA proteins by AtSUMO. E1 (AtSAE1b and AtSAE2), E2 (AtSCE1a), and one of AtSUMO1, 2, 3, or 5 (GG or AA C-terminal motif variant) were simultaneously overexpressed with either His-c-mycAtPCNA1 and 2 wild type (WT) or His-c-myc-ScPCNA WT in E. coli host cells (Supplementary Table S1 at JXB online). His-c-myc-PCNAs were isolated on nickel mini-columns. A comparative western blotting analysis of AtPCNA sumoylation patterns was performed using anti-c-myc antibodies. Overexpression of AtSUMO with GG and AA C-terminal motifs resulted in an expected substantial difference between the observed AtPCNA sumoylation patterns ( Fig. 2A, B) . When AtSUMO GG variants were used, two identical sumoylation products characterized by different molecular masses were observed for both AtPCNA1 and AtPCNA2. The first (low molecular mass) detected product of the posttranslational modification had a molecular mass between 43 kDa and 55 kDa ( Fig. 2A, B, lanes 1-4) . An additional, second (high molecular mass) detected product had a slightly higher molecular mass of between 55 kDa and 72 kDa. All identified sumoylation patterns were identical; that is, the sumoylation products of AtPCNA1 and AtPCNA2 were identical not only within the group of products for each AtPCNA separately, but also for both AtPCNAs (Fig. 2A, B,  lanes 1-4) . No sumoylation of either AtPCNA1 or 2 was detected in the samples containing AtSUMO with AA C-terminal motifs in contrast to AtSUMO variants with GG C-terminal motifs ( Fig. 2A, B, lanes 5-8) . To conclude, the in bacteria analysis of AtPCNA1 and AtPCNA2 sumoylation did not show any differences in sumoylation pattern.
An in bacteria Arabidopsis sumoylation system was also used to compare AtPCNA1 and ScPCNA post-translational modification patterns. The PCNA proteins were overexpressed and purified as already described. A western blotting analysis of sumoylated plant and yeast PCNA samples showed significant differences in sumoylation patterns (Fig. 2C, lanes 1-8) . In contrast to Arabidopsis PCNA, where two different sumoylation products were observed, three post-translationally sumoylated forms were detected in yeast when ScPCNA was overexpressed with AtSUMO1, 2, and 5 (Fig. 2C, lanes 1, 2, and 4) . When AtSUMO3 was expressed with yeast PCNA, two types of modifications were observed (Fig. 2C, lane 3 ). An ScPCNA post-translational modification with a low molecular mass (43-55 kDa) was present in all four tested AtSUMO proteins (AtSUMO1, 2, 3, and 5). The size of this product corresponded well to the low molecular mass AtPCNAAtSUMO conjugate (Fig. 2C, lanes 1-8) . An ScPCNA sumoylation product located just above the low molecular mass (43-55 kDa) product was detected only for AtSUMO3 (Fig. 2C, lane 3) . Middle and high molecular mass ScPCNA sumoylation products were observed only for AtSUMO1, 2, and 5, having a molecular mass between 55-72 kDa and 72-95 kDa, respectively. The size of the middle ScPCNA sumoylation product corresponded well to the high molecular mass AtPCNA post-translational modification product (55-72 kDa; Fig. 2C , lanes 1 and 2, and 4-8) while the high molecular mass ScPCNA modification product was not observed in AtPCNAs when tested with AtSUMO1, 2, 3, and 5 (Fig. 2C, lanes 5-8) . To conclude, the comparison of AtPCNA1 and ScPCNA sumoylation patterns in the in bacteria system showed that these two proteins are sumoylated differently by the same set of enzymes.
Identification of the sumoylation target in Arabidopsis PCNA
The amino acid sequences of AtPCNA1 and AtPCNA2 were probed for potential sumoylation sites using SUMOsp 2.0 (Ren et al., 2009 ) and a SUMO plot provided by Abgent. The SUMOsp 2.0 software predicted two putative sumoylation residues for each AtPCNA. Lys200 and Lys254 were proposed for AtPCNA1, and Lys254 and Lys262 for AtPCNA2 (Table 1 ). In contrast, the SUMO plot suggested Lys91, Lys190, Lys200, and Lys254 as putative sumoylation targets for AtPCNA1 while Lys91, Lys190, and Lys254 were suggested for AtPCNA2 (Table1). In order to assess experimentally in bacteria the AtPCNA lysine residue(s) modified by AtSUMO, four elements, E1, Fig. 2 . Analysis of the PCNA sumoylation pattern using a reconstituted Arabidopsis SUMO modification system. AtE1, AtE2, AtSUMO 1/2/3/5 (GG or AA variants), and PCNA proteins were overexpressed together in E. coli BL21(DE3) cells and purified on an Ni-NTA column. The samples were separated using a 12% polyacrylamide gel, subjected to western blotting, and tested using the anti-c-myc antibody. E2, an AtSUMO3 (GG) variant (which gives a short branch after trypsin digestion), and a His-tag-depleted c-mycAtPCNA1, were overexpressed in E. coli cells. This was followed by purification of the c-myc-AtPCNA1-HisAtSUMO3 conjugate, first using a nickel column, and then a p21-peptide column with an affinity for PCNA. Western blotting analysis and Coomassie staining showed the presence of AtPCNA1, both unmodified and modified by AtSUMO3 (Fig. 3A, lanes 1 and 2) . The c-myc-AtPCNA1-His-AtSUMO3 conjugate, which was detected after Coomassie staining (molecular mass between 43 kDa and 55 kDa), was subjected to trypsin digestion followed by LC-MS/MS analysis. The trypsin digestion of covalently attached AtSUMO3 produces a specific tag of five amino acid residues (AMSGG), which remains with the target lysine after digestion. An LC-MS/MS analysis gave signals representing >60% of the expected peptides produced by a cleavage of non-branched AtPCNA1 and 36% of AtSUMO3. The analysis revealed a putative modification for only one out of 16 lysine residues in AtPCNA1. The detected mass peaks point to the presence of a sumoylated branched AtPCNA1 peptide (Fig. 3B ) containing Lys254 as a potential sumoylation site for AtPCNA1. To verify the results of previous in silico and LC-MS/MS analyses, Lys254 of WT AtPCNA1 was converted into arginine, and the sumoylation of the AtPCNA1K254/R mutant was tested (Fig. 3C) . After substitution of Lys254 with arginine, no high molecular mass AtPCNA1 sumoylation product (55-72 kDa) (Fig. 3C, lane 3) was detectable. The observed result suggests that the product with a molecular mass of 55-72 kDa was formed as a consequence of AtPCNA1 monomer sumoylation at two different sites. To study in detail the observed phenomenon, western blotting analysis was again used to test the sumoylation of the AtPCNA1K1-16/R mutant with all lysine residues changed to arginine along with 16 single AtPCNA1K1-16/R revertants, where each arginine, one by one, was converted back into lysine (Fig. 4) . The only modification product detected in 16 sumoylated AtPCNA1K1-16/R single reverted mutants had a molecular mass of between 43 kDa and 55 kDa. The second product of high molecular mass (55-72 kDa) observed in WT AtPCNA1 (Fig. 4, lane 1) was absent in the revertants. This result confirmed the sumoylation of Lys254 identified earlier by LC-MS/MS. Additionally, five other residues, Lys13, Lys14, Lys20, Lys217, and Lys240, were found to be sumoylated in bacteria in the tested mutated AtPCNA1 variants (Fig. 4, lanes 3, 4, 5, 16 , 17, and 18). Neither Lys200 predicted by SUMOsp 2.0, nor Lys91, Lys190, and Lys200 predicted by the SUMO plot software for AtPCNA1 were found to be sumoylated.
Interaction of AtSCE1a and AtPCNAs
Surface plasmon resonance (SPR) analysis was applied to compare the strengths of the interaction between AtPCNA and AtSCE1a that can directly transfer AtSUMO proteins onto a target protein. AtSCE1a was immobilized on a chip and then various concentrations of either AtPCNA1 or 2 were passed over the chip (Fig. 5) . The K D values for the AtPCNA1 and AtPCNA2 interactions with AtSCE1a were calculated using the simple binding Langmuir model (1:1) with a drifting baseline. The calculated K D values were similar for AtPCNA1 K D ¼2.47e À8 M (Fig. 5A ) and AtPCNA2 K D ¼9.33e À8 M (Fig. 5B) . The K D value for AtPCNA2 was four times higher than the K D for AtPCNA1. The obtained K D values may suggest that when both AtPCNA1 and AtPCNA2 are present in the cell, AtPCNA1 might be sumoylated more efficiently than AtPCNA2 due to a higher affinity of AtSEC1a for AtPCNA1.
Discussion
PCNA is an important eukaryotic DNA replication factor. To date, detailed studies of PCNA have been performed mainly on yeast and animal models due to their simplicity. PCNA is generally considered to have the same function and properties in different species of fungi, animals, and plants. Previous structural studies of Arabidopsis PCNA (Strzalka et al., 2009 ) confirmed its typical three-dimensional structure with a trimeric ring conformation, which is very similar to the structures presented before for yeast, human, and archeal PCNAs (Krishna et al., 1994; Gulbis et al., 1996; Matsumiya et al., 2001) . Although differences in the structure of the PCNA from different species are subtle, the results suggest that these minor variations lead to different biological properties of the PCNA from unrelated species. In this study, it was tested whether plant PCNA can be post-translationally modified by SUMO, as already described for yeast (Hoege et al., 2002) , Xenopus (Leach et al., 2005) , and chicken (Arakawa et al., 2006) . Previously experiments were carried out to try to determine the post-translational modification of plant PCNA using either leaves of green pea or root tips of germinating runner bean embryos as PCNA sources. However, these attempts were unsuccessful (unpublished data). With the present experimental approach, it has been successfully shown that plant PCNA interacts with SUMO under in vivo conditions (Fig. 1) . In vivo analysis of the AtSUMO3 (AA) variant which cannot covalently modify the target protein clearly shows that interaction between plant PCNA and SUMO may occur through non-covalent binding in plant cells (Supplementary Fig. S2 at JXB online). This is not surprising in the light of the currently available data where non-covalent interactions between SUMO and other proteins were described (Hecker et al., 2006; Geiss-Friedlander and Melchior, 2007; Kerscher, 2007) . It was found here that AtPCNA interacts with SUMO not only in the nucleus but also in the cytoplasm. This result is interesting in the light of current opinion, according to which PCNA is known to play an important role in the nucleus but not in the cytoplasm. It is not known whether PCNA might be sumoylated in the cytoplasm and next imported to the nucleus, or modified in the nucleus independently of cytoplasmic sumoylation. It cannot be ruled out that interaction of AtSUMO with AtPCNA in the cytoplasm may have a function different from that in the nucleus. Moreover, it is also not known how SUMO affects the three-dimensional structure of plant PCNA. The only crystal structure of sumoylated PCNA was presented for yeast, where SUMO seems to occupy a position on the back face of the PCNA ring which is proposed to be a site of regulation. That site can be easily modified without disrupting the reactions ongoing on the front of PCNA, for example normal DNA replication (Freudenthal et al., 2011) .
In bacteria analysis of AtPCNA sumoylation
Using an in bacteria reconstituted Arabidopsis sumoylation system described previously (Okada et al., 2009) , in this study it was shown that published data concerning the sumoylation of S. cerevisiae PCNA cannot be considered directly applicable to the PCNA from other species, especially plants. A comparison of AtPCNA1 and ScPCNA post-translational modification patterns clearly showed that Arabidopsis PCNA had an altered sumoylation pattern in comparison with yeast PCNA (Fig. 2C) . The results of the present ScPCNA studies were partly consistent with data previously presented, when purified recombinant proteins of the Arabidopsis sumoylation system were tested in vitro with yeast PCNA (Colby et al., 2006) . In contrast to the present results, several ScPCNA sumoylation products were detected when AtSUMO1 and AtSUMO2 were used (Colby et al., 2006) . Their amount gradually decreased as a function of an increasing number of self-sumoylated SUMO molecules attached to ScPCNA. For AtSUMO3, only one modification product was reported (Colby et al., 2006) . Once it had been had proved that plant PCNA could be sumoylated in bacteria, the focus moved to AtPCNA1, and the lysine residue(s) modified by SUMO was identified.
Although earlier studies of yeast PCNA showed that Lys127 and Lys164 (Hoege et al., 2002; Pfander et al., 2005; Colby et al., 2006) are post-translationally sumoylated, this information was not of use with regard to AtPCNA. This is caused by the presence of a glycine residue instead of lysine at position 127 of the AtPCNA1 and 2 amino acid sequences. Moreover, Lys164 was excluded as a major modification target, based on data from yeast PCNA studies, where Lys164 (conserved between plant, fungi, and animal PCNAs) was shown to require SUMO E3 ligase (ScSiz1) for efficient sumoylation (Pfander et al., 2005) . Using bioinformatic tools (SUMOsp 2.0 and SUMO plot software), the amino acid sequences of A. thaliana PCNA1 and PCNA2 proteins were analysed (Table 1) along with PCNA sequences from other plant species (data not shown). Taking into account: (i) in silico analysis; (ii) the presence of Lys254 in the consensus sequence for SUMO modification (WKXE/D); and (iii) data from LC-MS/MS, the sumoylation of the AtPCNA1K254R mutant was tested, and only one modification product (43-55 kDa) was revealed (Fig. 3C ). This result indicated that Lys254 was not the only modification site. Although other single variants of AtPCNA1 WT with mutated target sites were not tested, it also cannot be excluded that the lack of other target lysine residues may have an impact on the modification observed between 55 kDa and 72 kDa. It is also noteworthy that both sumoylation products (43-55 kDa and 55-72 kDa) were present in an AtPCNA1 WT variant with Lys164 mutated into arginine (data not shown). It cannot be excluded that the mutation of Lys254 might have changed the affinity of the AtSCE1a-AtSUMO conjugate for the target residue, causing inefficient transfer of AtSUMO from AtSCE1a to the other target lysine. Moreover, if the sumoylation of AtPCNA target residues is a sequential rather than a random process, it cannot be ruled out that Lys254 is not a priority target. Taking into account that the specificity of post-translational modification might be influenced by SUMO E3 ligase, it is possible that this enzyme is necessary for efficient modification of the AtPCNA monomer at more than one site.
To identify the other AtPCNA1 target lysine residues, all AtPCNA1 lysine residues were mutated into arginine and single reverted mutants were constructed. The result of this experiment confirmed that Lys254 was indeed sumoylated. However, unexpectedly, five additional residues were found to be sumoylated in bacteria (Fig. 4) . Comparing the identified sumoylated target lysine residues with the results of in silico analysis, it can be concluded that the power of algorithms such as those applied to the identification of putative sumoylation residues in plant proteins is still far from expectations. However, it cannot be ruled out that the proposed lysine residues may additionally require a specific E3 ligase for their modification. Looking at the structure of the AtPCNA1 monomer (Fig. 6A) , Lys13, Lys14, and Lys20 are located in the N-terminal domain of AtPCNA1, in the same inner a-helix. Three of the other identified lysine residues are located in the C-terminal domain of AtPCNA1. Lys217 is situated in the helical region, Lys240 in the b-sheet, and Lys254 is near the C-terminal tail. In contrast to Lys127 and Lys164 of ScPCNA, which are located outside of the PCNA ring (Fig. 6B) , Lys13, Lys14, Lys20, and Lys217 of AtPCNA1 are inside the ring in the DNA contact region, whereas Lys240 is close to the loop connecting two b-sheets, and Lys254 is outside of the structure. After in bacteria analysis an attempt was made to confirm sumoylation of identified AtPCNA1 lysine residues in plant cells. Due to a detection sensitivity limit, in vivo sumoylation of selected residues could not be confirmed by western blotting.
Characteristics of AtPCNA sumoylation products
Analysing the sumoylation patterns of AtPCNA1 and 2, two modification products were observed ( Fig. 2A, B) . One working hypothesis suggested that the observed products were AtPCNA monomers sumoylated at different positions. Such a phenomenon has been described for yeast PCNA which, when sumoylated at Lys127, migrated on SDS-PAGE with a different molecular mass in comparison with ScPCNA modified at Lys164 (Hoege et al., 2002; Pfander et al., 2005) . Another possible explanation involves the presence of a self-sumoylated version of AtSUMO attached to the AtPCNA molecule, analogous to that described for yeast PCNA (Pfander et al., 2005; Colby et al., 2006; Parker et al., 2008) . Finally, a third scenario could involve simultaneous multisite modification of AtPCNA at target lysine residues. In fact, such a phenomenon was expected since six lysine residues were found which could be potentially modified by AtSUMO. Two modified products for all tested AtSUMOs were always observed when AtPCNA WT was tested. AtSUMO3 was used to elucidate the nature of the observed AtPCNA sumoylated products. This approach was based on the results of Colby et al. (2006) . Using ScPCNA, they found AtSUMO3 unable to form poly-SUMO chains, in contrast to AtSUMO1 and 2. In the present study a modification was observed mainly at one target lysine residue in AtPCNA WT. The modification of two sites on the same AtPCNA monomer was much less efficient (Fig 2) , and AtPCNA with more than two AtSUMO molecules attached at different sites of one monomer was not detected (Fig 2) . The observed property of AtPCNA was different from that of ScPCNA, which has been shown to be poly-sumoylated at Lys127 under in vitro conditions, when a set of enzymes (including AtSUMO1 and 2) similar to those in the present study was used (Colby et al., 2006) . It is intriguing why the conjugation of one AtSUMO to AtPCNA dramatically decreased the sumoylation efficiency of other avaliable targets in the same AtPCNA molecule. In fact, it is not known what combinations of sumoylated target lysine residues were observed in these experiments. Moreover, it is also not known if some priority occurred in the sumoylation of lysines, and, finally, whether the observed inhibition of the sumoylation of consecutive lysines was due to the in bacteria sumoylation system, AtPCNA properties, or lack of other components that might be present in the plant cell. A potential candidate for such a component could be AtSiz1, a plant homologue of yeast Siz1, a SUMO E3 ligase, a member of the PIAS (protein inhibitor of activated STAT) family (GarciaDominguez et al., 2008) . Yeast Siz1 enzyme, apart from its role in the sumoylation of Lys164, also stimulates the sumoylation of Lys127 and the formation of poly-SUMO chains on ScPCNA (Parker et al., 2008; Windecker and Urlich, 2008) . The in bacteria studies did not reveal any impact of AtSiz1 on AtPCNA1 sumoylation (data not shown) in accordance with unpublished results reported previously by Colby and co-workers for S. cerevisiae PCNA (Colby et al., 2006) .
AtPCNA-AtE2 interaction analysis
Finally, using SPR, the affinity of AtSCE1a for AtPCNA1 and AtPCNA2 was analysed. For both interactions the Langmuir binding model (1:1) with a drifting baseline was used, as in previous experiments, where an analysis of the interaction between human or plant PCNA and human p21 was performed (Oku et al., 1998; Strzalka et al., 2009) . The lower K D value for AtPCNA1 in comparison with AtPCNA2 may suggest that AtPCNA1 could be more efficiently sumoylated than AtPCNA2 in the plant cell. Although the model used for K D calculation was supported by Biacore software, the data presented should be treated with caution. A possible interaction of the AtSCE1a enzyme with six different lysine residues in AtPCNA1 significantly complicates the model for calculating the K D value. The fact that the affinity of the AtSCE1a enzyme for AtPCNA was evaluated is not satisfactory. In future, the affinity for each of the six sumoylated lysine residues should be assessed. This may provide crucial information on a possible in vivo AtPCNA sumoylation scenario. It is plausible that there is a difference in the priority of sumoylation between The monomers are coloured in green. The interdomain connecting loop is coloured dark blue, and the C-terminus is red. Identified sumoylated target lysine residues are coloured pink. The structures were prepared using PyMol software.
identified lysine targets which might be dependent on the physiological status of the plant cell and on the presence of SUMO E3 ligase.
Role of AtPCNA sumoylation
The data show that in bacteria Arabidopsis PCNA has several potential sumoylation lysine residues. This finding is very intriguing and raises two questions. (i) How might AtSUMO regulate the activity of AtPCNAs? (ii) What is the role of AtPCNA interaction with SUMO in vivo? Sumoylation of lysine residues located inside the PCNA ring which are in close contact with DNA suggests interesting new mechanisms of plant PCNA activity regulation which have never been described. Sumoylation of identified residues may affect binding of PCNA to DNA. Such a phenomenon was shown for sumoylated p53 (Wu and Chiang, 2009) . Other in vitro studies of Sanchez-Duran and co-workers have shown that sumoylation of plant PCNA is impaired by Tomato golden mosaic virus AL1 protein which is necessary for virus replication (unpublished results, personal communication) . These data suggest that SUMO may also affect PCNA binding to DNA. It is suspected that sumoylation of plant PCNA among other functions may be associated with the regulation of DNA replication and repair. The sumoylated residues identified in the present study (Lys13, Lys14, Lys20, and Lys217) are located within the regions which were shown to interact with cyclin D1 and D3 in mouse PCNA (Matsuoka et al., 1994) . It cannot be ruled out that sumoylation of these residues has an impact on the interaction between plant PCNA and cyclin Ds. The results from human fibroblast studies showed that microinjection of cyclin D1 antisense accelerated DNA repair, whereas overexpression of cyclin D1 prevented DNA repair, relocation of PCNA after DNA damage, and entrance of fibroblasts into S phase. In contrast, co-expression of PCNA and cyclin D1 restored the ability of cells to repair their DNA (Pagano et al., 1994) .
Conclusions
The sumoylation machinery seems to be conserved among different species. This has been shown for the Arabidopsis sumoylation system that could modify ScPCNA at the physiological Lys127 position (Colby et al., 2006) . It is intriguing whether the yeast sumoylation system could modify plant PCNA, given the same post-translational modification pattern as that observed for the plant system. Using the present system, it was shown that yeast PCNA cannot serve as a good model for plant PCNA studies, taking into account: (i) the lack of Lys127 in plant PCNA; (ii) different plant PCNA target lysine residues; and (iii) different sumoylation patterns. An identical sumoylation pattern was observed for AtPCNA1 and AtPCNA2 which may suggest equivalent roles for these two proteins in the cellular processes that require sumoylated PCNA. The data presented are just the beginning of plant PCNA sumoylation studies and will require further investigations. Some of them may differ from in vivo results due the fact that the nature of the constructed AtPCNA mutants is not known. For example, it is not known: (i) if mutations of lysine residues to arginine change the PCNA structure; (ii) whether lysine residues in AtPCNA WT may influence each other; and (iii) whether mutations may have an impact on the sumoylation of lysine residues that have not been identified in the present assay as target residues. This will not be simple to resolve, due to the lack of a proper experimental system for such analysis. New tools should be developed to overcome this problem in the future.
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